Thickening of LA Wall and AF Recurrence
approval was obtained from the Institutional Ethics Review Committee of Gunma Prefectural Cardiovascular Center and all patients granted informed, written consent to participate.
Magnetic Resonance Imaging Data Acquisition
CMRI was performed with a 1.5-T Achieva imaging scanner (Philips Medical System, Eindhoven, Netherlands) equipped with a Nova gradient and 5-element cardiac synergy coil. The LA images were acquired using breath-hold balanced, steady-state free precession cine CMRI, performed in the 4-chamber long-axis, 2-chamber sagittal, axial and coronal projections, with retrospective electrocardiographic (ECG) gating to obtain 30 phases/R-R interval. The LA was completely covered with 16-22 transverse slices acquired during retrospective ECG-gated, cine pulse sequences. All images were acquired during an expiratory breath-hold (1-2 slices per breath-hold depending on the patient's heart rate and tolerance) and were used to study the LA morphology throughout the cardiac cycle. Typical scan characteristics were as follows: 6-mm slice thickness, no gap between slices, 2.0×2.0 mm pixel size, 2.56/1.03 ms repetition (TR)/echo time (TE), and 15 views/segment.
We applied a T2-weighted triple inversion-recovery sequence [TR = 2 × R -R interval; TE = 65 ms; inversion time (TI) = 140 ms] to study the myocardium, as described in detail elsewhere. 9 Briefly, a pair of slice-selective and non-selec-tive 180 inversion pulses were applied to null the blood signal and a third inversion pulse was applied to null the fat signal. DE-CMRI was acquired 15 min after the injection of a 0.15-mmol/kg bolus of Magnevist gadolinium diethylenetriamine pentaacetic acid contrast material (Bayer Schering Pharma, Berlin, Germany), using a respiration-navigated, ECGgated, gradient echocardiographic pulse sequence. Typical acquisition settings were as follows: TR/TE = 4.0/2.0 ms and TI = 230-270 ms. ECG-gating was used to acquire a small subset of phase-encoding views during the diastolic phase of the LA cycle. The time interval between the peak of the R wave and onset of the data acquisition was defined using the LA cine images. Fat saturation was used to suppress the fat signal. The 2.0-ms TE was chosen to (1) keep fat and water out of phase from one another; and (2) decrease the signal intensity of the partial volume fat-tissue voxels, improving the definition of the LA wall boundary.
The TI for the DE-CMRI was obtained for each patient by visual inspection of the preliminary acquisition of a singleslice multi-TI series. The typical duration of DE-CMRI was 5-10 min, depending on the patient's respiratory and heart rates. If the TI at first acquisition was not optimal or marked motion artifact was observed, the scan was repeated.
Catheter Ablation
All anti-arrhythmic medications were discontinued for 5 half- 
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lives before the procedure, except for amiodarone, which was discontinued for at least 6 weeks. Via trans-septal catheterization, a 7F Lasso decapolar ring catheter (Biosense Webster, Diamond Bar, CA, USA) and Blazer II 5770T 7F quadripolar ablation catheter with an 8-mm distal electrode and deflectable tip (EP Technologies, Boston Scientific, San Jose, CA, USA) were inserted into the LA. After selective PV angiography, the Lasso catheter was positioned within 5 mm of the PV ostium. The bipolar electrograms were recorded digitally (EPMed Systems, Mount Arlington, NJ, USA) and filtered at a bandpass of 30-500 Hz. RF energy was delivered via the 8-mm tip catheter at a maximum temperature of 55°C and maximum power of 30-35 W, for 30 s at each site, approximately 10-20 mm outside each PV ostia. The duration of RF delivery was increased to 60 s at sites where changes in the PV activation sequence were observed and at the disconnection sites. The endpoints of the CPVA were (1) the creation of bidirectional conduction block between the atrium and the PVs, ascertained immediately and 30-60 min after a successful PV isolation; and (2) no induction of AF episodes lasting >3 min by coronary sinus burst pacing to a cycle length of 180 ms, during the infusion of iv isoproterenol at 1.0-3.0 μg/min. Bidirectional conduction block was confirmed by (1) entrance block, demonstrated by the loss of all PV potentials; and (2) exit block, ascertained during sinus rhythm by failure to capture the LA when pacing from all bipolar pairs of electrodes on the Lasso catheter placed at the entrance of the PV. 10
Procedure
The LA wall thickness was measured and the DE and T2weighted images of the LA wall were evaluated. The mea-surements were done in 5 LA anatomic regions: anterior wall, posterior wall, interatrial septum, roof (between the superior aspect of the left and right PVs) and lateral wall ( Figure 1A ). Calipers were used to measure the LA endocardial to epicardial thickness at the point of the largest LA dimension at the end of ventricular systole ( Figure 1B) . The difference in the LA wall thickness before vs after the CPVA was recorded and T2-weighted imaging of the LA wall evaluated semi-quantitatively. The acute changes after the ablation were defined as an increase in the LA wall thickness associated with a high T2-weighted signal not observed before the CPVA.
The definition of normal vs injured tissue was based on the distribution of the pixel intensities within the LA wall, with the lowest intensity defined as normal tissue. A region was classified as affected when the tissue's pixel intensity was >2 SD above the mean pixel intensity of normal tissue on both T2-weighted imaging and DE-CMRI. 11,12 All images were analyzed by 2 observers, experienced in the interpretation of CMRI, who were unaware of the patient's clinical status; a third reviewer was consulted in the case of discordant interpretations.
Post-Ablation Follow up
All patients remained hospitalized and their rhythm was continuously monitored for approximately 1 week after the ablation procedure. The patients who were treated with an antiarrhythmic drug before the procedure remained on the same drug regimen for 3 months thereafter. After their discharge from hospital, the patients returned to the ambulatory cardiology department 2 weeks later and monthly thereafter. At 2 weeks, 1 month and at 6 months after CPVA, 12-lead or 
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24-h ambulatory ECGs, or both, were recorded. The patients were investigated in detail, with the purpose of detecting the interim development of symptoms consistent with recurrence of arrhythmias. Recurrent AF was diagnosed when (1) patients reported symptoms suggestive of a tachycardia; and (2) a >30-s episode of AF was recorded on the 12-lead or 24-h ambulatory ECG. All episodes of AF that occurred within 1 month after the CPVA were classified as early recurrence of AF (ERAF).
Statistical Analysis
Continuous variables are expressed as mean ± SD and were compared using Student's t-test. Analysis of variance was used when comparisons involved >2 groups. When significant between-group differences were detected, 1-way analysis of variance was followed by Scheffe's method to examine the significance of the differences among the means in all groups. Categorical variables were compared on chi-square test and Yate's correction, if necessary. Receiver operating characteristic (ROC) curves were constructed to examine the predictive value of the CMRI measurements with respect to the ERAFs. The optimal cut-off was identified as augmentation in the wall thickness associated with the greatest sum of the sensitivity and specificity. P<0.05 was considered significant.
Results

ERAF After Ablation
All patients underwent uncomplicated catheter ablation of AF and successful electrical isolation of all identified PVs. At a mean of 7±10 days (range, 1-28 days) after the CPVA, 23 patients (41%) developed 1 or more episodes of AF (ERAF group), while 33 patients (59%) remained free from any AF during the first month of follow up (no-ERAF group). In the ERAF group, the first recurrence of AF occurred within 24 h after the CPVA in 33% of the patients, and within 1 week in 75%. Except for a significantly higher proportion of men in the no-ERAF group, the baseline characteristics of the 2 study groups were similar (Table 1 ). Furthermore, no significant difference was observed between the 2 groups in terms of the total duration or total amount of RF energy delivered during the CPVA ( Table 1) .
Thickness of LA Wall and T2-Weighted Imaging
The measurement variables of the LA wall thickness and number of high-signal T2-weighted regions before the CPVA in all patients are given in Table 2 . Before the CPVA, no region with a high T2-weighted signal was found in any patient from either group (Figures 2A,3A) . There was no significant difference in the wall thickness among the 5 LA regions in either group or in each LA region between the 2 groups ( Figure 4 ). One day after the CPVA, however, high T2-weighted signals were detected around the LA wall, most commonly in the LA roof (100%), septum (86%), posterior region (71%), and PV ostia (Figures 2A, 3A, 5A; Tables 1, 2) . In both groups, the mean wall thickness was significantly greater in all 5 LA regions 1 day after the ablation than at baseline ( Figure 4 ; Table 2 ). Furthermore, the LA roof wall thickness (P<0.05) and its increase from baseline (P<0.0001) were greater in the ERAF group than in the no-ERAF group (Figure 4 ; Table 1 ). The prevalence of high-signal T2-weighted regions significantly decreased 1 month after the CPVA in the LA roof (from 100% to 36%; P<0.0001), septum (from 86% to 54%; P<0.05) and posterior wall (from 71% to 7%; P<0.0001). After 1 month, the overall number of high-signal T2-weighted regions was significantly lower when compared to 1 day after the CPVA in both study groups (both P<0.05; Figures 2A,3A,  5A) . The LA wall thickness, at 1 month, returned to baseline and was similar in both study groups (Figures 2A, 3A, 4) .
DE of LA Wall Imaging
Data on DE regions before the CPVA in all patients are given in Table 2 . Although an LA wall signal was present before the CPVA, its intensity was distinctly lower than after the ablation procedure (Figures 2B, 3B) and no difference was observed in the overall number of DE regions between the 2 groups at baseline (P=0.34; Figure 5B ). One day after the CPVA, the prevalence of DE regions significantly increased in the LA roof (from 50% to 100%; P<0.0001), anterior wall (from 47% to 81%; P<0.01), posterior wall (from 60% to 97%; P<0.001), septum (from 67% to 92%; P<0.05) and lateral wall (from 67% to 94%; P<0.01). The overall number of DE regions increased similarly and significantly in both groups (both P<0.05; Figure 5B ; Table 1 ). One month after the CPVA, clear contrast enhancement was present in the LA roof (98%), anterior wall (76%), posterior wall (98%), septum (96%), and lateral wall (94%) on all scans (Figures 2B,3B) . The overall number of DE regions was similar in both groups, as well as similar to the overall number of DE regions present 1 day after the CPVA (Figure 5B ).
Sensitivity and Specificity of Predictors of ERAF After Ablation
On ROC analysis, a 1.15-mm increase in the LA roof thick- Thickening of LA Wall and AF Recurrence ness 1 day after the CPVA predicted an ERAF with an 85% sensitivity and 78% specificity.
Recurrent AF 6 Months After Ablation and CMRI Findings
At 6-month follow up, AF had recurred in 11 of the 56 patients (20%). Anti-arrhythmic drugs were administered to 9 of 11 patients (82%) with late recurrence of AF vs 26 of 45 patients (58%) without (P=0.26). Furthermore, 6 of 23 patients (26%) in the ERAF group developed late recurrence of AF vs 5 of 33 patients (15%) in the no-ERAF group (P=0.50). In both the patients with and without late recurrence of AF, the mean LA roof wall thickness was significantly greater 1 day after the ablation than at baseline (late-recurrence AF: from 1.6±0.4 mm to 2.9±1.6 mm, no late-recurrence AF: from 1.4±0.3 mm to 2.9±1.2 mm, both P<0.05). No significant difference was observed, however, in the mean LA roof wall thickness between the patients with vs those without late recurrence of AF 1 day after the ablation (P=0.96).
Discussion
Major Findings
The main results of the present study are (1) CMRI detected the thickening and high T2-weighted signals that occurred in the LA wall shortly after the CPVA; (2) an increase in the LA roof thickness shortly after ablation was greater in the ERAF than in the no-ERAF group; (3) 1 month after the CPVA, the thickening and high T2-weighted signal had resolved, although the prevalence of DE regions remained unchanged in both groups; and (4) no significant difference was observed between the 2 groups in any of the CMRI characteristics before and 1 month after the CPVA. These observations indicate that the severity of the thickening associated with a high T2-weighted signal may predict an ERAF after CPVA in patients with paroxysmal AF, and that CMRI is useful for a detailed and periodic evaluation of LA tissue characteristics after CPVA.
Thickening of LA Wall Shortly After CPVA
Previous histopathology studies demonstrated that interstitial edema was found in the affected area of the myocardium 2 h after RF ablation, 13 and that the endocardium and subendocardium displayed edematic loosening and microfragmentation of the connective tissue fibers shortly after ablation. 14 Coagulation necrosis and interstitial hemorrhages also were found in the affected myocardium. 13, 15 All of those responses to the acute inflammation, especially the edema and hemorrhages, are responsible for the thickening of the myocardial wall shortly after ablation. Recent studies have demonstrated that atrial wall thickening after ablation could occur within 15 s after RF energy delivery, 8 and that it could resolve nearly completely within 1 month, 4 which corresponds to the timing of the resolution of an acute inflammation response, especially with the edema, after the ablation. 16, 17 Wall thickening, which plays a part in the acute myocardial inflammatory response after ablation, was the basis for utilizing T2-weighted imaging. 11, 12 The present study has demonstrated that the acute inflammation responses to RF energy delivery were detected 1 day after the ablation as an increase in LA wall thickness, as shown by high T2-weighted signal, and their resolution 1 month after the ablation was confirmed by a thinning of the wall and decrease in the T2-weighted signal. The thickening has also been demonstrated to extend beyond the actual lesion within the atrium. These results obtained from the serial CMRI assessment were compatible with the previous studies using different imaging modalities, 4,8 and the changes in the atrial wall thickness were comparable to the previous histopathology. 16,17 Therefore, we think that CMRI is useful for assessing and determining acute inflammation response after ablation.
DE-CMRI of LA Edema and Scar After CPVA
DE-CMRI has been used to image chronically scarred ventricular tissue in a variety of conditions, including old myocardial infarctions, 18 myofibrillar disarray of hypertrophic cardiomyopathy, 19,20 idiopathic scar from dilated cardiomyopathy, 21,22 or scars of catheter ablation lesions. 6,7 Recent studies have observed that despite considerable structural differences between acute and chronic myocardial infarctions, both tissues exhibited DE. 11,12 DE is apparently due to the increased volume of the distribution of the gadolinium chelates secondary to the expansion of the extracellular space in acute myocardial infarctions and in old myocardial scars. 12 In an acute myocardial infarction, the loss of the membrane integrity of the edematous cardiomyocytes allows communication between the extra-and intracellular spaces. 12 In contrast, in a chronic myocardial infarction, enlargement of the extracellular space is mostly the product of a relatively large collagen matrix in the absence of myocardial edema. 12 The mechanism underlying the enlargement of the extracellular space after the CPVA in the present study may explain the high prevalence of DE regions in the LA wall 1 day and 1 month after the CPVA. Even if the underlying mechanism of this extracellular space enlargement is different, the distinction between edematous and scar tissue, using DE-CMRI only, is challenging. We believe that for a detailed CMRI assessment of the wall thickness, DE and T2-weighted imaging are key for periodic examinations and the precise characterization of the LA myocardium after ablation.
Predictors of ERAF and Thickening of LA Roof
Several predictors of an ERAF have been reported, including age, LA diameter, number of AF foci, and successful or unsuccessful anatomical ablation. 8 While acute inflammatory changes after ablation may be responsible for an immediate recurrence of AF, 23,24 no procedural complications occurred 
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in the present study that might have caused a diffuse inflammatory response. A recent study found that acute inflammatory changes due to RF energy is a cause of ERAF, 5 and the changes associated with RF ablation and the slow development of scar tissue are thought to be physiologic correlates of ERAFs. [15] [16] [17] In the present study, an increase in the wall thickness, as shown by high T2-weighted signal, was observed shortly after ablation in nearly all patients. Increase in LA roof thickness, however, was significantly greater among the patients with than without ERAFs, and it predicted an ERAF. A previous study using human hearts showed that the LA roof was the thinnest and the posterior wall the second thinnest region, 25 and that lesions created in the thin myocardial layer regularly exhibited complete transmural coagulation necrosis after RF ablation. 17 Furthermore, the favorable anatomic relationship between the site of the trans-septal puncture and the LA roof facilitated the placement of the ablation catheter in close contact and with optimal pressure exerted against the myocardium. This may have caused a greater degree of inflammation and edematous changes in the LA roof after the CPVA and, subsequently, a higher incidence of ERAFs.
Study Limitations
First, we did not examine the factors associated with inflammation, such as C-reactive protein, body temperature and others in the acute phase following RF ablation. Therefore, the relationship between the changes in these variables and an ERAF, or CMRI findings, is unknown. Second, DE-CMRI for detecting LA wall scar is challenging because compared with the left ventricle, the wall is thin. Furthermore, the measurement might not be the actual thickness of the LA wall. Because of the limited spatial resolution of MRI, the LA myocardium could not be distinguished from the interstitial space and epicardium, before as well as after the CPVA. In a pig model, however, Schwartzman et al measured a 0-mm thick interstitial space before ablation, vs an interstitial edema thickness equal to approximately 50-60% of the right atrial wall thickness after linear ablation of the right atrium. 16 Therefore, we believe that the change in the LA wall thickness, although not entirely, was mainly due to the edema of the LA myocardium. Third, the previous studies used 3-dimensional (D) DE-CMRI to identify and quantify the LA wall scar 1-3 months after RF ablation. 6,7 DE-CMRI also facilitated the correction with 3-D CARTO images and demonstrated a tissue injury pattern reflecting the location of the RF energy delivery sites. 7 But, we used conventional 2-D CMRI, and the present methodology for the assessment of the DE and highsignal T2-weighted regions was semi-quantitative. The ablation was performed under fluoroscopic guidance. Therefore, the precise relationship between the ablation sites and regions of thickening is unclear. Fourth, we did not systematically monitor the patients' rhythm after their discharge from hospital, unless they developed symptoms suggestive of recurrent tachyarrhythmias. Therefore, asymptomatic recurrences may have remained undetected. Fifth, women were a majority in the ERAF group. In a previous study of 221 patients, however, the early procedural success rate was similar in men and women. 26 In addition, we observed no significant genderrelated differences in the CMRI changes after CPVA (data not shown). Therefore, this gender-related difference might be attributable to the small size of the patient sample. Finally, we did not meticulously compare, between the 2 groups, the differences in the RF energy delivered to the various LA regions.
